factorial design has been considered to design the experiment and subsequently Yate's algorithm is utilized to construct the model. The model has further been refined using analysis of variance and model adequacy is determined through correlation coefficient which is predicted to follow near unity. Thus, this model can be utilized to predict strain hardening parameters such as strength coefficient, K, and strain hardening exponent, n, subsequently to design the process parameters to inculcate the required strain hardening characteristics within the range of process parameters specifications that are considered in the present investigation.
Introduction
Powder metallurgy (P/M) gives several benefits such as nearnet shape production, economical and green production, superior properties, improved modulus, strength and creep resistance, hence, every effort towards further improving the strength and other properties of P/M materials is worthwhile [1, 2] . The P/M primary process involves blending/mixing, com-matrix. Further, it was noted that the solid disc produced better deformation and formability characteristics over other geometries. Narayanasamy et al. [6] showed that the effect of material composition is significant on the strain hardening behaviour of powder metallurgy materials. They studied the pure iron and steels containing 0.4% and 0.8% carbon and concluded that increasing the carbon content greatly influenced the strain hardening behaviour due to geometric work hardening as well as matrix work hardening. Further, similar studies [7, 8] show that the strain hardening parameters can be utilized to extract the forming limit diagrams highlighting the safe working zones for various materials during the forming process. Narayan and Rajeshkannan [9] showed the lower aspect ratio played an important role in the enhancement of the strain hardening characteristics of aluminium metal matrix composites. It was noted that with the decrease in aspect ratio the strain hardening characteristics, relative density, stress ratio and formability ratio all improved, due to reduction in the pore bed height aiding effective closure or pores. Further, Fabian and Selvam [10] presented that the aspect ratio in combination with the weight percentage of WC can be utilized to improve the density of P/M Aluminium reinforced with tungsten carbide particulate composite. Ravichandran et al. [11] reported that the strength coefficient improved with the addition of TiO 2 in aluminium P/M composites, however, on the other hand reduced its deformation and densification behaviour. Gan et al. [12] reported that the carbon network/aluminium composite can be made successfully using the powder metallurgy technology and carbon aluminium composite showed improved corrosion resistance over aluminium in seawater. The corrosion current reduced considerably with the addition of carbon reinforcements. Chen and Huang [13] showed that increasing the carbon content greatly improved the thermal properties of aluminium-graphite composites. The amount and arrangement of carbon flakes in the composite also plays an important role in achieving specific properties in the composite. Further, the type of reinforcement and the amount of reinforcement also play an important role in the strain hardening behaviour of P/M materials [14, 15] . Lubrication is also important in many metal forming processes especially in the cold forming process as it removes the effects of harmful residual stresses in the final part. Some benefits of lubrication involves better dimensional accuracy, increased die life, reduced wear, reduced ejection failures and reduced fatigue failures due to high stresses. Christiansen et al. [16] investigated the effect of lubrication on the strain hardening parameters during the upsetting of cylindrical test specimens. Experimental results clearly showed that the specimens with different lubricants combined with the experimental friction allowed compensating the effect of friction in the determination of the material flow curve and the strain hardening parameters. Agarwal et al. [17] studied the effect of lubrication in the forming of sintered preform discs and strips and its effects on deformation, friction and lubricant film thickness. Further, Baskaran and Narayanasamy [18] analyzed the barrelling in elliptical shaped billets of aluminium during cold upset forging with lubricant and showed better deformation characteristics with reduced bulging were obtained when lubricant was employed. Narayan and Rajeshkannan [19] investigated the effect of lubrication on the strain hardening behaviour of sintered iron-0.35% carbon powder metallurgy preform during cold upsetting. It is noted that the strain hardening exponent and strength coefficient in the powder metallurgy preforms were improved when the frictional constraints were increased. Further, Rahimian et al. [20] showed that the sintering temperature as well as sintering time has significant effect on the material performance prepared by P/M process. Lower sintering temperature and higher sintering time showed an adverse effect on the mechanical properties of the P/M materials. Raj et al. [21] studied the effect of sintering temperature and sintering time on the work hardening behaviour on Al-SiC porous composite. They strongly concluded that higher sintering temperature and higher sintering time permitted composites to initiate crack at higher fracture strain. Further, it is reported by Zhang et al. [22] that preform density to near theoretical density can be achieved with short sintering time, however, local shear deformation generally causes limited ductility as well as the diminishing of strain hardening in metallic materials. Sintering characteristic of Al2O3-reinforced 2xxx series Al composite powders was investigated by Min et al. [23] . They showed that an increase in sintering temperature by 10 • C increased the final density by 2% and introduction of Cu in the composite improved the sinterability of 2xxx series Al composite materials. Further, Senthilvelan et al. [24] and Sahin [25] successfully utilized regression analysis and analysis of variance ANOVA to model the process parameters on the working of P/M copper preforms and wear behaviour of SiC/2014 aluminium composite, respectively.
The present study looks to evaluate the strain hardening parameters of sintered aluminium and aluminium-1%carbon preforms with the influence of sintering temperature, composition and friction conditions. Further, ANOVA and statistical tools are used to assist in the analysis of strain hardening parameters presented in this work. Therefore, this work attempts to formulate the mathematical model to overcome these difficulties.
Main-effects identification
It is noted from the literature that cold upset forging depends on several parameters of which compositions, sintering temperature and friction conditions or lubricants are taken as variables for this study to determine the strain hardening characteristics. Tw o levels, low level and high level, are considered for each of the three parameters as given in Table 1 . It becomes costly and time consuming to conduct trial experiments to optimize the forming parameters to obtain specific material properties.
Main-effects design matrix
As seen in Table 1 , the coding value allocated for a low level is −1 and for a high level is +1. This is same for all the three different process parameters and for the levels falling in between the two actual levels; the required coding values shall be determined by the following expression [26] .
(1)
where C i is the required coded value of main effect or process variable of any value C x between C min and C max ; C min is the lower level of the main effect and C max is the higher level of the main effect.
The 2 k factorial design is used to prepare the design matrix in the current study, where k = 3. The term 'k' represents the number of the main effects. Table 2 gives the design matrix, 2 3 for the present study, which describes the experiment design in steps from 1 through 8 with combination of variables for each experiment order. It is necessary to follow the different experimental order to avoid systematic error and in the current study, two sets of experiments were performed in varying experimental order to minimize the potential errors. From the two different set of experiments the output variables were obtained, that is, the strain hardening characteristic variables such as strength coefficient, K and strain hardening exponent, n. In Table 2 , the standard order experiment 1 or [1] indicates that the experiment is carried out using the low levels for all the parameters, C, T and L. Similarly, the standard order experiment 2 or C indicates that the parameter C is taken as high level and the other two parameters, T and L are taken as low level. Likewise, a CT experiment order indicates that the experiment is carried out with high levels of C and T and low level L.
Experimental work
The required amount of aluminium with purity of 99.7% and carbon were taken to prepare Al alloy and Al-1C composite with height to diameter ratio of 0.4. Fig. 1 shows the microstructure view of the aluminium powder and the carbon powder. It is seen that the aluminium powder is spherical in shape; however, it also has few longitudinal shaped powders. On the other hand, the carbon powder is generally thin and flat with sharp edges. The irregular shaped powders allows better interlocking, however, it affects the flowability and packing density. The apparent density of Al powder was found to be 1.091 g/cc, flow rate by hall flow metre of 87.306 s/50 g and compressibility at pressure of 130 MPa was 2.356 g/cc. The blending process to prepare Al-1C blend was carried out in a PM400A ball mill machine for 4 h. Al-1C blend together with pure aluminium powders were compacted separately in a pressure range of 140 ± 10 MPa using a 100 tonne hydraulic press. The initial density of the two materials was kept at 0.86. Next, the compacts were dried in an electric muffle furnace at 220 • C for 30 min and then sintered at 495 • C for a further 60 min period. Similarly, another set of Al and Al-1C samples were dried at 220 • C for 30 minutes and then sintered at 561 • C for a further 60 min period. The samples were left in the closed furnace for 24 h for furnace cooling. In both cases the compacts were ceramic coated using alumina mixed in acetone to prevent oxidation during the sintering process. The first set of Al and Al-1C samples were subject to open die cold forging under dry or nil lubricant condition (no lubricant used). Similarly, the second set of specimens was deformed under zinc stearate lubricant condition. The upsetting load was varied in increments of 0.04 MN and dimensional measurements such as deformed height and deformed diameters were carried out together with density measurements after every step of deformation. Experimental measurements were used to calculate the true stress and true strain to outline and predict the strain hardening parameters of the preforms.
5.
Strain hardening characteristics and prediction of strain hardening parameters eral fit obtained using curve fitting technique. Generally, it is seen that the increasing strain in the material increase the stress as the material strengthens with the closing of pores during this process and also due to increase in the contact diameter due to lateral deformation. This stress strain curve can be categorized into two stages, initial stage where stress rises rapidly for small span of height strain and the second stage is bigger with high stress retardation. This is as a result of matrix strain hardening due to material flow in the axial direction together with geometric strain hardening due to the material flow in the radial direction. It is seen in Figs. 2 and 4 that the effect of sintering temperature is almost nil on the final height strain and on the induced stress for pure aluminium preform, however, its effect is significant in case of Al-1C composite. Figs. 3 and 5 shows that as the sintering temperature increased the height strain and the induced stress also increased for Al-1C. This is due to the effect of carbon with aluminium during the sintering process. Further, as seen in Figs. 2 and 3 , the induced stress are higher for pure aluminium preforms when compared with Al-1C irrespective of lubricant conditions. This is due to the fact that the pure aluminium preforms will undergo more uniform load distribution that enhances the resistance to deformation at much faster rate. It is evident from Figs. 4 and 5 that when deformed under nil lubricant condition the material showed greater resistance to deformation when compared to materials deformed under zinc stearate lubricant condition. This is true for both materials tested in this study. Further, it is noted that the fracture strain is smaller under nil lubricant condition compared to zinc stearate lubricant condition. Nil lubricant condition increases the friction between the material and the die which resists the radial flow of the material leading to higher resistance to deformation, higher induced stress.
The true stress against true strain is plotted using log-log scale as shown in Fig. 6 . This plot is used to determine the True stress (MPa) Fig. 6 -Stress-strain in log-log plot.
empirical relationship between stress and strain in order to determine the strain hardening parameters. Fig. 6 is plotted for pure aluminium preforms that deformed under nil lubricant and sintered at 495 • C. This experiment was repeated twice to ensure consistency and quality results. It reveals that height strain respectively improves the stress and a similar feature has been observed in Fig. 2 as well, however, in Fig. 2 the stress-strain characteristics follows two different mechanism. A power law relationship has been drawn from Fig. 6 , for stress-strain that exactly obeys the Ludwik's equation [9] as follows:
where is true stress and is true strain and can be determined as follows = load contact surface area (3)
where h o is the initial height of the preform and h f is the forged height of the preform. The K and n were determined by finding the intercept and slope in Fig. 6 , respectively. The K and n values for sample 1 is 185, 0.213 and for sample 2 is 195, 0.208, respectively. Similarly plots were made for all other combinations of variables in order to predict the K and n values. The predicted values are depicted in Table 2 .
Model formulation and estimation of main and interaction effect
The general regression model shall be formulated in the following form for K and n:
where ˛0 through ˛7 and ˇ0 through ˇ7 are coefficients of main and interactions factors effect for K and n respectively. The Korn = f (C, T, L) is represented by Eqs. (5) and (6), respectively, which includes all the main factors and its first order interactions.
The approximation of main factor and its interaction effects are calculated using Yate's algorithm [27] . The results are shown in Table 3 together with the sum of square values for each experiment order as well as coefficients of the mathematical model for K. Similar analysis is carried out to predict the values of strain hardening exponent, n. The predicted values of K and n are also used for ANOVA study using R-software. A detail procedure and mathematical expressions of using Yate's method and using ANOVA for prediction can be found at [28] , and using R-software at [29] . The ANOVA predictions for K are shown in Table 4 . Table 4 also depicts the percentage contribution of each main factor and its interactions. The expression used to calculate for percentage contribution is: %Contribution = Sum of squares Total sum of squares × 100
It can be seen from Table 4 that the maximum contribution is made by the sintering temperature and composition, then the interaction of lubricants and composition followed by lubricants and the interaction of composition, sintering temperature and lubricant. Further, it is noted that the interaction of composition and sintering temperature and interaction of sintering temperature and lubricant made no significant contributions, generally less than 5%. The same phenomenon is also realized by noting the values of calculated F, F cal , and predicted F, F pred , in Tables 4 and 5 . The F pred values are obtained from the F distribution table for 95% confidence level or can be predicted using the R-software. The F cal is determined Table 5 it is noted that F cal minus F pred is negative for factors C and CTL indicating its nil effect on the strain hardening parameters. Further, a low positive for factor CL indicates minimal contribution.
Final model
The general model for K is given in Eq. (5); the coefficients can be extracted from Table 3 that can be substituted in Eq. (5) 
Similarly, Eq. (6) gives the general model for n that is formulated using the same method as for K. 
Eqs. (8) and (9) can be modified as below eliminating factors that do not make significant effect on the strain hardening parameters as discussed in section 6 above. It is interesting to note that the contributing factors making major effect on the strain hardening parameters are not same for K and n as given in Eqs. (10) and (11) . It is noted that only the main factor C and L are contributing for both K and n and the rest of the contributing factors are different. 
Residual analysis and model adequacy
The residuals or error is found using the following expression:
where K o is strength coefficient observed or found from experiments and K p is strength coefficient predicted using model, Eq. (10).
To express the residual analysis, the plot for residual against K p , normal score and normal probability is drawn and it is shown in Figs. 7-9 , respectively. Similar plots for 'n' are shown in Figs. 10-12 , respectively. The continuous line that is drawn in Figs. 8, 9 , 11 and 12 is a general straight line obtained through curve fitting technique. Careful observation of these plots reveals that residuals are falling mostly in the near vicinity of zero except few points which are also well within the control as it can be understood from the correlation coefficient obtained for K and n are 0.95 and 0.93, respectively. The model adequacy can further be tested by determining the regression coefficient, r, using the following expression:
where K o , is the average of K o values. It is determined as 0.93 for K and as 0.89 for n. After the residual and model adequacy analysis it is noted that the model developed in Section 6 is adequate and can be used successfully in the prediction of the strain hardening parameters. It can be noted from Eq. (10) that increasing the sintering temperature and decreasing the lubricant condition will improve the strength coefficient. On the same note decreasing the lubricant condition will improve the strain hardening exponent. These models can be used to decide the levels of effecting factors to use to obtain specific strain hardening parameters.
Conclusions
The following major conclusions can be drawn out of the present investigation:
• The mathematical model was developed using 2 3 factoring design for Al and Al-1C with the influence of sintering temperature and lubricants. It can be used for designing process parameters within the specified limits to obtain desired stain hardening characteristics thereby significant cost reduction can be achieved as it avoids unnecessary experimental evaluation.
• The strength coefficient, K, has been predominantly influenced by the main effects such as composition, sintering temperature and lubricant up to 70%, however the sintering temperature, on its own makes negligible effect in strain hardening exponent, n, whereas sintering temperature interacting with lubricant and composition makes phenomenon impact. On the other hand the main effects such as composition and lubricant are found to be making 50% contribution in influencing the n.
• It is also imperative to note that by decreasing the carbon in Aluminium and decreasing the lubricant on the other hand increasing the temperature increases the strength coefficient. In case of strain hardening constant can be increased by increasing the composition and decreasing the lubricant.
